Proteasome inhibition following DNA damage results in the synergistic induction of apoptosis via a nuclear factor-KBindependent mechanism. In this study, we identify the role of p53 in mediating apoptosis by the sequence-specific treatment involving the DNA-damaging, topoisomerase I -targeting drug SN-38 followed by the proteasome inhibitor PS-341 (SN-38!PS-341). The p53-dependent sensitization of DNA damage -induced apoptosis by PS-341 is accompanied by persistent inhibition of proteasome activity and increased cytosolic accumulation of p53, including higher molecular weight forms likely representing ubiquitinated species. In contrast, pretreatment with PS-341 followed by treatment with SN-38 (PS-341!SN-38), which leads to an antagonistic interaction, results in transient inhibition of proteasome activity and accumulation of significantly lower levels of p53 localized primarily to the nucleus. Whereas cells treated with PS-341!SN-38 undergo G 2 + M cell cycle arrest, cells treated with SN-38!PS-341 exhibit a decreased G 2 + M block with a concomitant increase in the sub-G 1 population. Decreased accumulation of cells in the G 2 + M phase of the cell cycle in SN-38!PS-341 -treated cells compared with PS-341!SN-38 -treated cells correlates with enhanced apoptosis and reduced expression of two p53-modulated proteins, 14-3-3S and survivin, both of which play critical roles in regulating G 2 + M progression and apoptosis. The functional role of 14-3-3S or survivin in regulating the divergent function of p53 in response to SN-38!PS-341 and PS-341!SN-38 treatment in inducing apoptosis versus G 2 + M arrest/DNA repair, respectively, was confirmed by targeted down-regulation of these proteins. These results provide insights into the mechanisms by which inhibition of proteasome activity modulates DNA damage-induced apoptosis via a p53-dependent pathway. [Mol Cancer Ther 2005;4(12):1880 -90] 
Introduction
Cellular response mechanisms to stress or DNA damage are important for maintaining genomic stability and cellular integrity. Based on the type of injury, the cell either repairs the damaged DNA or initiates the cell death program. Thus, cancer therapy often relies on DNA-damaging strategies to initiate apoptosis. An important chemotherapeutic target is the nuclear enzyme topoisomerase, type I and II, which alters DNA topology for the efficient processing of genetic material, by creating a transient, cleavable, covalent DNA-topoisomerase linkage (1, 2) . In the presence of DNA-damaging topoisomerase-targeting drugs, the transient cleavable DNA-topoisomerase linkage is trapped into a stable complex, which results in DNA damage and apoptosis (3, 4) . However, development of resistance to these agents, which often limits their therapeutic potential, warrants alternate treatment strategies.
Among the different mechanisms involved in the physiologic response to DNA damage, the tumor suppressor protein p53 plays a pivotal role (5 -7) . The functional status of p53 or p53-mediated signaling pathways, which are frequently altered during tumorigenesis, often predicts success of chemotherapeutic strategies relying on DNAdamaging mechanisms. Under normal physiologic conditions, p53 is maintained at low steady-state levels by the p53-interacting protein MDM2, an E3 ubiquitin ligase, which ubiquitinates p53 and targets it for degradation by the 26S proteasome pathway (8 -10) . Following stress or DNA damage, p53 and MDM2 undergo different posttranslational modifications, including phosphorylation, acetylation, ubiquitination, and sumoylation, which disrupt the interaction between these two proteins and lead to activation of p53 (8 -12) . Depending on the type of posttranslational modification, p53 activates different signaling pathways that regulate transcription of distinct subsets of genes involved in cell cycle arrest, DNA repair, differentiation, or apoptosis (13 -17) .
Although induction of p21 has been shown to represent a key mechanism by which p53 arrests cells in the G 1 and/or G 2 phase of the cell cycle (18, 19) , expression of yet another p53-modulated protein, 14-3-3j, is involved in G 2 arrest and prevention of mitotic catastrophe (20, 21) . However, p53-dependent regulation of apoptosis is poorly defined. p53 has been shown to target several genes involved in the mitochondrial apoptotic pathway (22, 23) . These genes include the proapoptotic proteins Bax, PERP, NOXA, and PUMA (24 -28) . In addition to the proapoptotic genes, p53 represses transcription of survivin (29, 30) , a member of the inhibitor of apoptosis family. Whereas overexpression of this gene has been shown to inhibit apoptosis, downregulation of survivin in cells transfected with survivin mutant adenovirus or antisense oligonucleotides enhances apoptosis (31, 32) . The antiapoptotic function of survivin has been shown to require phosphorylation of this protein at Thr 34 by the mitotic kinase p34cdc2-cyclinB (33) . Because the 26S proteasome plays a major physiologic role in apoptosis by regulating the cellular level of p53 and other target proteins, including p21, p27, and nuclear factor-nB (NF-nB), manipulation of proteasomal activity has been employed to alter apoptosis (34 -36) . Inhibition of the proteasomal activity has been shown generally to promote apoptosis primarily due to prevention of proteasomal degradation of the NF-nB inhibitory protein, In-B, which leads to attenuation of the transcriptional activity of NF-nB (35) . In addition, proteasomal inhibitors sensitize cells to the apoptotic effect of topoisomerase I -targeting drugs by preventing degradation of ubiquitinated topoisomerase I (37, 38) . Our previous studies evaluating the effect of the proteasome inhibitor, MG132, on apoptosis induced by the DNA-damaging topoisomerase-targeting agents, etoposide or SN-38, revealed that MG132 synergistically augments apoptosis via a NF-nB-independent signaling pathway (39) . Enhancement of apoptosis was observed only when proteasomal inhibition followed DNA damage. Inhibition of proteasomal activity before DNA damage led to an antagonistic effect. In this study, we evaluated the mechanistic basis for the sequencedependent effect of proteasomal inactivation on DNA damage -induced apoptosis. Our results show the requirement of p53 in induction of apoptosis by the proteasome inhibitor, PS-341, and more significantly in the potentiating effect on apoptosis following post-treatment with PS-341 after DNA damage induced by SN-38. The sensitization of DNA damage -induced apoptosis was correlated with prolonged inhibition of proteasomal activity, accumulation of p53 in the cytosol, reduced expression of 14-3-3j, and down-regulation of the antiapoptotic protein, survivin. The functional role of 14-3-3j and survivin in attenuating the apoptotic response was confirmed by studies showing enhanced apoptosis in cells deficient in these proteins or transfected with dominant-negative mutant survivin.
Materials and Methods

Reagents and Antibodies
The topoisomerase I -targeting drug SN-38 (active metabolite of irinotecan) and the proteasome inhibitor bortezomib (PS-341) were obtained from Pharmacia & Upjohn Co. (Kalamazoo, MI) and Millenium Pharmaceuticals (Cambridge, MA), respectively. Cell culture medium and fetal bovine serum were obtained from BioWhittaker, Inc. (Gaithersburg, MD). Antibodies to p53 (DO-1), 14-3-3j, Bax, and survivin were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The antibody to PUMA was a generous gift from Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD). The antibody to cleaved caspase-3 was purchased from Cell Signaling Technology (Beverly, MA).
Oligonucleotides and Expression Vectors
The small interfering RNA (siRNA) targeted to p53 and green fluorescent protein (GFP) was transcribed from a modified pBabe-puromycin retroviral vector described by Brummelkamp et al. (40) . The 19-nucleotide p53 targeting sequence was 5V-GACTCCAGTGGTAATCTAC-3V and the GFP targeting sequence was 5V-GCAGCACGACTTCTT-CAAG-3V. The siRNA sequence targeted to survivin (5V-GGCUGGGAGCCAGAUGACG-3V) and the scrambled siRNA oligonucleotide (5V-GCGCGCTTTGTAGGAT-TCG-3V) were synthesized by Dharmacon, Inc. (Lafayette, CO). The full-length wild-type survivin cDNA under the control of the cytomegalovirus promoter and cloned into the pcDNA3 expression vector was obtained from Science Reagents, Inc. (El Cajon, CA). This vector was used to prepare Thr 34 Ala (T34A) mutant survivin by site-directed mutagenesis with the QuikChange Site-Directed Mutagenesis kit (Stratagene, Inc., La Jolla, CA). The primers used for mutation were sense 5V-GCTGCGCCTGCGCCCCGGAG-CGGATGG-3V and antisense 5V-CCATCCGCTCCGGG-GCGCAGGCGCAGC-3V. The site-directed mutagenesis of T34A was confirmed by PCR and DNA sequence analysis.
Cell Culture and Transfections HCT116 human colorectal carcinoma cell lines with different genetic backgrounds were obtained from Dr. Bert Vogelstein. The wild-type HCT116 cell line expresses wildtype p53 and 14-3-3j and is called HCT116 (p53 +/+ ) or HCT116 (14-3-3j +/+ ), respectively. The two knockout cell lines used were HCT116 (p53 À/À ) and HCT116 (14-3-3j À/À ), in which the p53 or 14-3-3r gene, respectively, was disrupted by homologous recombination (18, 21 (39) . Flow cytometry for cell cycle traverse perturbations was carried out following a 16-hour incubation of the cells in drug-free medium. Control and treated cells were stained with propidium iodide (39) and analyzed in a Coulter Epics XL-MCL cytometer (Beckman-Coulter, Miami, FL). Cell cycle phase compartment analysis was determined using Modfit LT3.0 software (Verity Software House, Topsham, ME).
Preparation of Cell Lysates and Western Blotting
Control or treated cells were trypsinized and lysed in the radioimmunoprecipitation assay buffer containing 20 mmol/L Tris-HCl (pH 8.0), 0.45 mol/L NaCl, 0.5% deoxycholate, 0.1% SDS, 1% NP40, 2 mmol/L EDTA, 0.5 mmol/L EGTA, and 10 mmol/L h-mercaptoethanol plus protease and phosphatase inhibitors (39) . Aliquots of cell lysates (10 -40 Ag) were electrophoresed on a 10% bis-Tris gel (Invitrogen Life Technologies, Carlsbad, CA) and subjected to Western blot analysis (39) . The relative intensity of the signal was determined for the protein band of interest and normalized with the relative intensity of actin or tubulin.
Measurement of 20S Proteasome Activity Extracts of control and treated cells were prepared in lysis buffer containing 10 mmol/L Tris, 150 mmol/L NaCl, 5 mmol/L EDTA, 2 mmol/L DTT, 1 mg/mL CHAPS, and 1 mmol/L phenylmethylsulfonyl fluoride (pH 8.0). Proteasome activity was determined using the 20S proteasome assay kit (BostonBiochem, Cambridge, MA), which employs the substrate succinyl-Leu-Leu-Val-Tyr-7 amino methyl coumarin. Fluorescence was determined in Wallac Victor 2 and the 20S proteasome activity was expressed as a percent of the control normalized for protein content.
Preparation of Cytosolic and Nuclear Fractions Subcellular fractionation was done according to the procedure of Li et al. (42) . Aliquots of the cytosolic and nuclear fractions corresponding to an equivalent amount of cells were electrophoresed and subjected to Western blot analysis as described above.
Results
Enhancement of SN-38-Induced Apoptosis by the Proteasome Inhibitor PS-341Is p53 Dependent
We showed previously that potentiation of SN-38-induced apoptosis by post-treatment with the proteasome inhibitor, MG132, in NSCLC-3 or NSCLC-5 cells was NF-nB independent (39) . To determine the molecular mechanisms involved in modulation of DNA damage -induced apoptosis by inhibition of proteasome activity, we examined the role of p53 in this process. For this study, we evaluated the effect of the combination of the proteasome inhibitor, PS-341, and SN-38 on apoptosis in p53-expressing HCT116 (p53 +/+ ) and p53-null HCT116 (p53 Because results with p53 knockout cells could be influenced by potential clonal variabilities that may arise during the selection of p53-null clones, the role of p53 in mediating apoptosis induced by SN-38!PS-341 treatment was tested in HCT116 (p53 +/+ ) stably transfected with p53-directed siRNA oligonucleotide. Cells transfected with p53 siRNA expressed significantly lower levels of p53 ( (Fig. 2) . In contrast, only a transient inhibition in proteasomal activity at 3 hours after treatment followed by recovery to >70% of control by 16 hours after treatment was observed in PS-341!SN-38 -treated cells (Fig. 2 ). Because treatment with PS-341, PS-341!SN-38, or SN-38!PS-341 led to similar effects on proteasomal activity in both HCT116 (p53 À/À ) and HCT116 (p53 +/+ ) cells, these results suggest that the key proteasomal target(s) that is involved in enhancing apoptosis is p53 and/or a p53-regulated protein(s).
We next determined whether differential inhibition of proteasomal activity with the various treatments affected accumulation and/or subcellular distribution of p53 protein. (Fig. 3A) . However, maximal induction was observed at 16 hours after treatment following treatment with PS-341 alone or SN-38!PS-341. Longer exposure of the Western blot revealed the presence of higher molecular weight forms that were more abundant in cell extracts obtained from PS-341-or SN-38!PS-341 -treated cells (Fig. 3B) . Increased presence of the higher molecular weight forms of p53, which likely correspond to ubiquitinated p53, corroborates with persistent inhibition of proteasomal activity in cells treated with PS-341 or SN-38!PS-341. Because compartmentalization of p53 to different subcellular fractions is being recognized as an important mechanism regulating the pleiotropic functions of p53 (16, 17) , we determined the relative amounts of p53 protein in the cytosolic and nuclear fractions at 3 and 16 hours after treatment (Fig. 3C) . At 3 hours after treatment, p53 was equally distributed between cytosolic and nuclear fractions of cells treated with PS-341, SN-38, PS-341!SN-38, or SN-38!PS-341 (Fig. 3C) . However, at 16 hours after treatment, p53 was significantly more abundant in the nuclear fraction compared with the cytosolic fraction in cells treated with SN-38 or PS-341!SN-38, treatments that do not alter apoptosis. In contrast, p53 was almost equally distributed in the cytosolic and nuclear fractions in cells treated with PS-341 or SN-38!PS-341. Comparison of the amount of p53 in the cytosolic fractions at 16 hours after treatment revealed that significantly higher levels of this protein were present in cells treated with PS-341 or SN-38!PS-341 compared with those treated with SN-38 or PS-341!SN-38. The preponderance of a-tubulin in the cytosolic fraction and of topoisomerase I in the nuclear fraction (Fig. 3D) ruled out cross-contamination between these two subcellular fractions for the observed differences in p53 distribution in Fig. 3C . This result implies that extranuclear p53 may be important for the apoptotic function of this protein. However, increased level of cytosolic p53 does not seem to be the sole determinant of apoptosis, because the levels of total and cytosolic p53 in cells treated with PS-341 alone or SN-38!PS-341 were comparable despite differences in the degree of apoptosis induced by these treatments. Thus, additional signaling mechanisms activated by the DNA damage pathway are required for inducing maximal apoptosis.
Enhancement C, cytosolic (c ) and nuclear (n ) fractions prepared at 3 or 16 h after treatment. An aliquot of the cytosolic fraction and nuclear fraction corresponding to an equivalent amount of cells was analyzed. D, the purity of the cytosolic and nuclear fractions was determined based on the distribution of the cytosolic and nuclear proteins, tubulin and topoisomerase I (topo I ), respectively.
SN-38-Induced Apoptosis by PS341 Is p53 Dependent
of PS-341 and/or SN-38 prompted us to evaluate whether the p53-regulated protein, 14-3-3j, which is involved in preventing G 2 + M progression and mitotic catastrophe, plays a role in mediating SN-38!PS-341 -induced apoptosis. We first determined whether expression of 14-3-3j was altered in HCT116 (p53 +/+ ) cells treated with PS-341 and/ or SN-38. Although 14-3-3j was induced in HCT116 (p53 +/+ ) cells treated with SN-38 alone or PS-341!SN-38 ( Fig. 5A) , treatment with SN-38!PS-341 did not markedly alter the levels of 14-3-3j compared with the untreated control cells. In HCT116 (p53 À/À ) cells, no change in 14-3-3j levels was observed (data not shown). Because these data did not provide a clear correlation of 14-3-3j expression, apoptosis, and accumulation of cells in G 2 + M phase, we subsequently sought to determine whether 14-3-3j is important for mediating the growth arrest/DNA repair function of p53 in response to DNA damage by comparing apoptosis induced by PS-341, SN-38, PS-341!SN-38, or SN-38!PS-341 in HCT116 (14-3-3j +/+ ) and HCT116 (14-3-3j À/À ) cells. Our results show that apoptosis induced by PS-341, SN-38, PS-341!SN-38, or SN-38!PS-341 is significantly higher in 14-3-3j-null cells compared with 14-3-3j wild-type cells (Fig. 5B) . In 14-3-3j-null cells, apoptosis is rapidly induced and can be observed as early as 12 hours after treatment. Because HCT116 (14-3-3j À/À ) cells treated with SN-38!PS-341 undergo massive apoptosis, very few cells with intact cellular morphology are observed at 16 hours after treatment. The apoptosis induced by PS-341!SN-38 in HCT116 (14-3-3j À/À ) cells is likely due to reduced accumulation of cells in the G 2 + M phase of the cell cycle compared with HCT116 (14-3-3j +/+ ) cells (Fig. 5C) . The reduced accumulation of cells in the G 2 + M phase was accompanied by an increase in the sub-G 1 population, indicative of apoptosis. No remarkable differences in cell cycle distribution profile were observed in HCT116 (14-3-3j À/À ) and HCT116 (14-3-3j +/+ ) cells treated with SN-38.
Potentiation of DNA Damage Induced Apoptosis by Posttreatment with PS-341 Involves Down Regulation of Survivin
To identify downstream mediators of p53-dependent apoptosis induced by SN-38!PS-341 treatment, we examined changes in the levels of two p53-regulated antiapoptotic proteins, Bax and PUMA, which are involved in activating the caspase cascade. Western blot analysis carried out on cell extracts prepared 16 hours after treatment with PS-341, SN-38, PS-341!SN-38, and SN-38!PS-341 revealed no changes in expression of Bax protein (data not shown). Induction of PUMA was observed following all different treatment protocols, but no difference in the expression that correlated with apoptosis was seen between the various treatments (data not shown). These data suggest that up-regulation of Bax or PUMA is possibly not involved in p53-dependent apoptosis induced by SN-38!PS-341. However, we cannot rule out the involvement of these proteins in apoptosis via an oligomerization or mitochondrial translocation mechanism.
Our previous data with MG-132 (39) suggested that the effect of proteasome inhibition on enhancing DNA damage -induced apoptosis was NF-nB independent. Because most inhibitors of apoptosis proteins, with the possible exception of survivin (33, 44) , are NF-nB regulated, we focused our efforts on this antiapoptotic protein, especially because this protein is reported to be negatively regulated by wild-type p53 (29, 30) . To evaluate the role of survivin in the apoptotic response of proteasome inhibitors, we first examined changes in the level of survivin protein in HCT116 (p53 À/À ) and HCT116 (p53 +/+ ) cells treated with PS-341, SN-38, PS-341!SN-38, or SN-38!PS-341. Western blot analysis with antibodies directed against survivin protein showed that treatment with only SN-38!PS-341, but not PS-341, SN-38, or PS-341!SN-38, led to downregulation of survivin protein levels in HCT116 (p53 +/+ ) cells (Fig. 6A) . The decrease in survivin protein levels observed in HCT116 (p53 +/+ ) cells was not seen in HCT116 (p53 À/À ) cells (Fig. 6A) , suggesting that down-regulation of survivin protein is likely dependent on p53. Thus, these data show a correlation between p53-dependent potentiation of DNA damage -induced apoptosis by PS-341 and down-regulation of survivin. To evaluate the functional role of survivin in apoptosis induced by SN-38!PS-341 treatment, we used two different strategies. In the first strategy, the functional activity of survivin was attenuated by transfecting HCT116 (p53 +/+ ) cells with dominantnegative mutant T34A survivin. In these cells, survivin cannot be phosphorylated at amino acid residue 34, which is required for the antiapoptotic activity. In the second SN-38-Induced Apoptosis by PS341 Is p53 Dependent strategy, survivin protein was down-regulated with survivin siRNA. Figure 6B shows the apoptotic response of T34A survivin mutant transfected HCT116 (p53 +/+ ) cells to PS-341, SN-38, PS-341!SN-38, and SN-38!PS-341. A modest but significant increase (P < 0.001) in apoptosis was observed in HCT116/T34A survivin cells compared with HCT116/neo cells, when these cells were treated with PS-341 or SN-38!PS-341. Some increase was also seen with PS-341!SN-38. This is not surprising, because the dominant-negative mutant survivin protein is thought to decrease phosphorylation and stability of endogenous wild-type protein (44) .
For the second strategy, HCT116 (p53 À/À ) and HCT116 (p53 +/+ ) cells were transfected with LipofectAMINE 2000 alone, scrambled siRNA, or survivin siRNA and the relative amounts of survivin in each of these cells were first determined. The results in Fig. 6C show that survivin siRNA, but not scrambled siRNA, oligonucleotide downregulates survivin protein expression in HCT116 (p53 À/À ) and HCT116 (p53 +/+ ) cells. Determination of apoptosis in transfected HCT116 (p53 À/À ) cells treated with PS-341, SN-38, PS-341!SN-38, or SN-38!PS-341 revealed no differences in the apoptotic response between cells transfected with survivin siRNA or scrambled siRNA (Fig. 6D) . In contrast, apoptosis was significantly (P V 0.002) enhanced in HCT116 (p53 +/+ ) cells transfected with survivin siRNA compared with cells transfected with scrambled siRNA (Fig. 6D) . However, maximal apoptosis was observed in HCT116 (p53 +/+ ) cells treated with SN-38!PS-341. These results complement the observations in HCT116 (p53 +/+ ) cells transfected with dominant-negative T34A mutant survivin and support the functional role of survivin in p53-dependent apoptosis. The increase in apoptosis observed in HCT116 (p53 +/+ ) cells for all different treatments, 
Discussion
Recent clinical studies have reported the chemotherapeutic potential of proteasome inhibitors alone or in combination with other antitumor agents (e.g., CPT-11 or docetaxel) for the treatment of solid tumors. Although it is generally presumed that the therapeutic efficacy of proteasome inhibitors involves inhibition of the antiapoptotic activity of NF-nB, our earlier study (39) in non -small cell lung carcinoma cell lines, NSCLC-3 or NSCLC-5, showed that potentiation of DNA damage -induced apoptosis by proteasome inhibitors was NF-nB independent and required post-treatment with the proteasome inhibitor. To identify the mechanism for the sequence-dependent synergistic interaction of proteasome inhibitors and DNAdamaging agents, in this study, we evaluated the role of p53, a key intermediate in the DNA damage response pathway, which is regulated by the 26S proteasome ubiquitin degradation pathway. Our results show that p53 is required for sensitization of DNA damage -induced apoptosis due to proteasome inactivation, because cells that are null for p53 do not exhibit enhanced apoptosis in the presence of proteasome inhibitors. Interestingly, sensitization of DNA damage -induced apoptosis by proteasome inhibitors occurs only when the proteasomal activity is repressed after induction of DNA damage by the topoisomerase I -targeting drug, SN-38. Inhibition of proteasomal activity before DNA damage does not alter the apoptotic response; rather, it leads to an antagonistic effect. The recovery of proteasomal activity when PS-341 treatment precedes exposure to SN-38 may be due to the antagonistic effect of the subsequent DNA damage. In contrast, post-treatment with PS-341 (SN-38!PS-341) or PS-341 alone [no subsequent drug treatment-induced effects (e.g., DNA damage) that could affect proteasome function] maintains the inhibitory effects of PS-341 on proteasome activity. The p53-dependent apoptotic response corresponds, at least in part, to induction of different molecular weight forms of p53 and to altered subcellular distribution of these species between the cytosol and the nucleus. Further, we show that suppression of the downstream p53 target proteins, 14-3-3j, and the antiapoptotic protein survivin is required for enhancing apoptosis.
The 26S proteasome, which plays an important role in regulating the cellular levels of key intermediates of several signal transduction pathways, is critical for modulating the intracellular levels of the multifunctional protein, p53. In our studies evaluating the effect of the proteasome inhibitor, PS-341, on DNA damage -induced apoptosis by SN-38, we found that both agents, either alone or in combination, led to induction of p53. However, treatment with PS-341 alone and post-treatment with PS-341 after SN-38-induced DNA damage led to maximal induction of p53, including higher molecular weight, potentially ubiquitinated species of this protein. Increased accumulation of p53 observed at 16 hours after treatment was likely due to prolonged inhibition of proteasomal activity. The transient inhibition of proteasomal activity (f3 hours after treatment) observed in cells pretreated with PS-341 before treatment with SN-38 probably resulted in degradation of p53 in these cells. Coincident with differences in the level of p53 at 16 hours, the subcellular distribution of this protein also varied. In cells treated with PS-341 alone or post-treated with PS-341 following treatment with SN-38, a significant amount of p53 was present in the cytosolic fraction compared with that present in cells treated with SN-38 alone or pretreated with PS-341 before SN-38. In contrast, no difference in subcellular distribution of p53 was observed at 3 hours after treatment. This finding suggests that, in cells pretreated with PS-341 followed by treatment with SN-38, p53 may either be preferentially degraded in the cytosol due to recovery of proteasomal activity in that compartment or be shuttled from the cytosol to the nucleus. Increased presence of cytosolic p53 in cells posttreated with PS-341 after SN-38 implicates the importance of extranuclear p53 in the apoptotic response. This finding corroborates with recent studies establishing a role for mitochondrial p53 in apoptosis (17, 18) .
The functional role of p53 in response to DNA damage is to invoke either cell cycle arrest or apoptosis. Whereas cell cycle arrest would allow for repair of DNA damage, apoptosis will lead to cell death for removal of cells with damaged DNA. Based on the flow cytometry data analyzing cell cycle perturbations induced by DNA damage and proteasome inactivation, distinct differences were, however, apparent when proteasome inhibition either preceded or followed DNA damage induced by SN-38. Specifically, the cell cycle distribution with arrest in the G 2 + M fraction was similar for p53-null and p53 wild-type cells pretreated with PS-341 followed by SN-38. However, cells expressing wild-type p53 post-treated with PS-341 following DNA damage exhibited a 2-fold reduction in the G 2 + M fraction. The reduced accumulation in the G 2 + M fraction for cells post-treated with PS-341 following DNA damage was accompanied by the presence of cells with sub-G 1 DNA content, indicative of apoptosis. Thus, targeting the 26S proteasomal pathway before or following DNA damage leads to activation of distinct functions of p53. Post-treatment with PS-341 preferentially activates the apoptotic function of p53, in favor of cell cycle arrest, whereas pretreatment with PS-341 stimulates the cell cycle arrest and DNA repair functions of p53.
Because the two p53-regulated genes p21 and 14-3-3r are involved in the growth arrest and checkpoint control (45) and could be related to continuous treatment for 48 hours with PS-341 compared with the 30-minute exposure used in the present study. In contrast to the results with p21, expression of the 14-3-3j protein varied reciprocally with induction of p53 following treatment with PS-341 and/or SN-38. The 14-3-3j protein was significantly induced in cells treated with the DNA-damaging agent, SN-38, alone or pretreated with PS-341 followed by SN-38. Thus, increased expression of 14-3-3j in cells pretreated with PS-341 followed by treatment with SN-38 results in inhibition of G 2 progression, which would be expected to facilitate DNA repair. On the contrary, reduced expression of this protein in cells post-treated with PS-341 following treatment with SN-38 could potentially prevent G 2 arrest and impair checkpoint control mechanisms, which would facilitate enhanced cell death due to inadequate repair of the damaged DNA. Indeed, deletion of the 14-3-3r gene in HCT116 (p53 +/+ ) cells by homologous recombination significantly enhances apoptosis and decreases the G 2 block. The rapid onset and significantly higher magnitude of apoptosis induced by PS-341 or by post-treatment with PS-341 following DNA damage in 14-3-3r-null cells compared with wild-type cells suggest that the presence of even small amounts of 14-3-3r in wild-type cells delays exit of the damaged cells from G 2 . Our data corroborate with published results showing a role for 14-3-3r in prevention of mitotic catastrophe after DNA damage (21) and those correlating decreased expression of some isoforms of 14-3-3 with increased sensitivity of human lung cancer cells to ionizing radiation (46) .
It is interesting to note that the apoptotic response to PS-341 alone or post-treatment with PS-341 following SN-38-induced DNA damage differs despite similar changes in p53 downstream events. The significant induction of p53-dependent apoptosis only in cells post-treated with PS-341 following SN-38 suggests that, although the changes induced by proteasomal inhibition on subcellular distribution of p53 are important for apoptosis, maximal induction requires, in addition, activation of the DNA damage signal transduction pathway. Cooperation of these two pathways likely occurs at some downstream step that leads to maximal induction of apoptosis.
The apoptotic function of p53 has been shown to involve transcriptional activation or repression of several genes involved in apoptosis. p53 activates several proapoptotic genes, including Bax, PUMA, and NOXA, and down-regulates the antiapoptotic protein survivin. Although no differences were observed for the induction of Bax and PUMA with SN-38 and/or PS-341 treatment, down-regulation of survivin was seen only in cells posttreated with PS-341 following treatment with SN-38. This finding implicates an essential role for down-regulation of survivin in apoptosis induced by post-treatment with PS-341. Because down-regulation of survivin is observed only with PS-341 post-treatment, which leads to significant apoptosis, this event might represent one of the distal downstream steps that is modulated just before activation of the caspase cascade. Indeed, attenuation of survivin activity or down-regulation of this protein has been shown to activate caspase-9 (44), which in turn activates caspase-3, the universal effector of apoptosis. In our studies, we have observed maximal activation of caspase-3 in cells post-treated with PS-341 after SN-38-induced DNA damage. In addition, down-regulation of survivin may also disrupt the spindle formation and spindle checkpoint functions of the cells, resulting in the activation of the apoptotic pathway.
The functional significance of down-regulation of survivin, which exerts its antiapoptotic effects by inhibiting caspase-9 activity following phosphorylation on Thr 34 (44) , was confirmed by our data showing significant enhancement of apoptosis in HCT116 (p53 +/+ ) cells transfected with dominant-negative mutant (T34A) survivin or survivin siRNA. In HCT116 (p53 À/À ) cells transfected with survivin siRNA, none of the treatments led to any significant increases in apoptosis. The observation that decreasing survivin levels using a siRNA strategy in HCT116 (p53 À/À ) cells did not promote apoptosis with PS-341 and/or SN-38 suggests that additional signals activated by p53 are also required to stimulate apoptosis.
DNA-damaging strategies to induce apoptosis and cell death are widely employed for the treatment of different cancers. However, a major obstacle to these treatment strategies is the development of resistance. In this regard, modulation of apoptosis induced by DNAdamaging agents, by proteasomal inhibitors, provides an alternative approach to treat chemoresistant tumors. The newer insights into the mechanisms regulating the differential modulation of DNA damage -induced apoptosis based on pretreatment or post-treatment with PS-341 to inactivate proteasomes are important in the design of clinical trials using the sequential combination of PS-341 and a DNA-damaging agent in drug-resistant tumors.
